Objective-The histopathology of peripheral arterial disease and the accompanying calcification are poorly defined, and it is not known whether this varies according to different risk factors. Approach and Results-Sections from 176 upper and lower leg arteries were examined histologically in specimens from amputations of 60 patients with peripheral arterial disease, of whom 58% had diabetes mellitus, 35% had end-stage renal disease, and 48% had a history of smoking. The most common findings were calcification of the media (72% of arteries) and intimal thickening without lipid (68% of arteries), with the presence of atheromas in only 23% of arteries. Intimal calcification occurred in 43% and was generally much less extensive than medial calcification. Nonatheromatous intimal thickening was frequently severe, resulting in complete occlusion in some vessels. The absence of lipid and macrophages was confirmed by staining with oil red O and staining for CD68. Other than a greater prevalence and severity of medial calcification in end-stage renal disease, the findings did not differ between diabetics, patients with end-stage renal disease, or smokers.
P eripheral arterial disease (PAD) is a serious condition that is responsible for substantial morbidity, disability, and costs. 1 Because it is not a direct cause of death, it is not included in the end-point of cardiovascular death used in many clinical studies, and therefore, it remains understudied. Diabetes mellitus, smoking, and end-stage renal disease (ESRD) are all independent risk factors, 2,3 and the frequent coexistence of diabetes mellitus and ESRD leads to high rates of PAD.
Because PAD shares many risk factors with coronary artery disease, it is widely assumed to be atherosclerotic in nature and is treated as a similar event in most studies. The pathophysiological and therapeutic approach to PAD is also based on this assumption. However, although there is an abundance of histological studies documenting the atherosclerotic process in coronary arteries, such data are lacking in peripheral arteries. Furthermore, it is not known whether the histology differs between risk factors. Such data would be important in defining the pathophysiology and natural history of PAD, perhaps leading to more specific therapies.
Arterial calcification is increasingly recognized as a clinically important disorder, but understanding its causes and clinical significance is hampered by the fact that it represents 2 distinct disorders, medial calcification (also known as Monckeberg's arteriosclerosis) and intimal (atherosclerotic) calcification, that frequently coexist. The fact that the relative frequencies probably vary between vascular beds and different conditions, such as diabetes mellitus and ESRD, [4] [5] [6] leads to further difficulty in interpreting clinical data. Calcification of lower extremity arteries is common in PAD and predicts a worse prognosis, 7 but it is not known whether this calcification is medial or intimal. Whether the increased risk of PAD in ESRD is because of altered mineral metabolism and resulting vascular calcification is also unknown.
In the course of studying vascular calcification in arteries from patients with ESRD undergoing lower-extremity amputation, we found a high prevalence of medial arterial calcification and a surprisingly low frequency of advanced atherosclerosis. This led us to investigate other patients with PAD and to investigate in more detail the nonatheromatous lesions in these arteries. The results suggest that the pathology of PAD differs from the atherosclerosis classically described in coronary arteries.
Results
Specimens were examined from 60 patients, of which 29 had diabetes mellitus, 35 had a history of smoking, and 21 had ESRD, with many having >1 risk factor. Detailed characteristics of the patients are shown in Table I in the online-only Data Supplement. Other than the reduced prevalence of smoking in the ESRD patients, there were no significant differences between the groups. Only 4 patients did not have diabetes mellitus, ESRD, or a smoking history. Of the 15 patients receiving warfarin at the time of the amputation, 7 had atrial fibrillation, 4 had thrombotic disease, and 2 had mechanical heart valves. In the remaining 2, the indication was critical limb ischemia.
Histopathology of the Intima
The distribution of arteries examined and the histological findings in the intima are shown in Table 1 . Many sections were labeled as margins, or proximal or distal, precluding the identification of specific arteries. Specimens frequently contained both tibial arteries, which could not be distinguished, and the peroneal artery was identified in only 4 specimens and was not analyzed separately. Because of the limited numbers of specific arteries, reliable comparisons could be made only between arteries above and below the knee. Intimal thickening was present in >90% of vessels (concentric in most cases) and did not differ between arteries above and below the knee. Thickening was associated with a greater patient age (66.0±1.2 versus 56.8±2.8 years; P<0.02) but not with sex. In the majority of arteries, other intimal changes were absent ( Figure 1A ). Specifically, duplication of the internal elastic lamina (IEL) was minimal in ≈60% of arteries, and two thirds showed no evidence of inflammation in the form of lymphocytic or histiocytic infiltrates as confirmed by staining for CD68 ( Figure 1B -1D). The presence or absence of lipid or inflammation was not related to lipid-lowering therapy or antiplatelet therapy. Other than higher serum low-density lipoprotein cholesterol in patients with intimal inflammation, there was no association with serum lipoproteins and intimal lipid or inflammation ( Table II in Evidence of lipid (usually in the form of intimal foam cells) was found in only a quarter of the sections with thickened intimas. Of these 41, 19 had type I or II lesions (Figure 2A ), 20 had type V lesions ( Figure 2B ) and 1 had an intermediate lesion according to the standard classification. 8 Intimal lipid was found in arteries from 28 patients, but it was absent in all arteries from 32 patients. Of the 52 patients with >1 artery examined, intimal lipid was absent in all arteries from 26 patients, whereas only 2 patients had lipid in all arteries. The absence of lipid was more frequent in arteries below the knees and was associated with a younger patient age (63.9±1.3 versus 69.1±2.1, P<0.05) but not with sex. The frequent absence of lipid in the neointima was confirmed in 10 frozen sections of arteries freshly prepared from 9 amputations and stained with oil red O. Of these, 5 contained no lipid in the neointima ( Figure 2C ), 1 showed lipid only in smooth muscle cells ( Figure 2D ), 3 showed occasional foam cells ( Figure 2E ), and only 1 showed advanced plaque ( Figure 2F ).
To determine whether the sections obtained during routine processing of the surgical specimens were representative, serial sections were performed in 3 arteries (2 tibials and 1 superficial femoral) freshly obtained from 3 separate amputations. All consistently showed concentric, nonatheromatous intimal thickening throughout, as demonstrated for 1 artery ( Figure I in the online-only Data Supplement).
Despite the generalized absence of lipid and inflammation, the nonatheromatous intimal thickening was often extensive with substantial luminal narrowing. This was difficult to quantify because the arteries were not pressure-fixed and not always sectioned transversely. However, measurements could be performed on heavily calcified arteries, which did not appear collapsed or contracted. Of these, 36 arteries were sectioned appropriately, 20 of which had no intimal lipid. The mean percent occlusion by intima (excluding thrombus) was 52 (range, 5-100) in those without lipid and 60 (range, 10-100) in those with lipid. Thrombus ( Figure 3A ) was present in 10 arteries (5.7%), of which 7 showed no evidence of intimal lipid. Some arteries were completely occluded without evidence of fresh or organized thrombus ( Figure 3B ). Whether this represents complete occlusion by neointima or old organized thrombus cannot be determined. For comparison, Figure 3C shows a nearly occluded coronary artery with inflammation, foam cells, and cholesterol clefts. Neither the prevalence of intimal thickening nor the proportion of neointimas with lipid or inflammation differed between arteries from diabetics, smokers, or patients with ESRD ( Figure II in the online-only Data Supplement).
Histopathology of Arterial Calcification
The prevalence and severity of calcification are shown in Table 2 . Heavily calcified arteries were decalcified during processing, and although this affected the intensity of staining, the regions of calcification were still readily apparent.
Calcification was most commonly in the media and was usually in the form of large deposits immediately adjacent to the IEL ( Figure 4A ) that were often concentric ( Figure 4B ). Deposits also occurred deeper in the medial layer but were generally smaller ( Figure 4C ) or appeared as slight staining of the elastin fibers ( Figure 4D ). The prevalence of medial calcification was greater in arteries above the knee compared with those below the knee, but this did not reach statistical significance (P=0.085). However, the severity in affected vessels was significantly greater below the knee (P<0.001).
The prevalence and severity of medial calcification based on risk factors are shown in Figure 5 . Prevalence did not differ between diabetic and nondiabetic arteries, but severity was greater in diabetic arteries although it was of marginal significance (P=0.08). A history of smoking was associated with a reduced prevalence (P=0.007) and severity (P=0.014) of medial calcification. One quarter of the patients were receiving warfarin at the time of amputation. The prevalence of medial calcification was not significantly increased in these arteries, and the severity was actually less (P=0.024).
Both the prevalence (P<0.002) and severity (P<0.0001) of medial calcification were increased in arteries from patients with ESRD, and this finding was fairly consistent between different arteries in the same patients. Of the 19 patients with multiple arteries examined, 10 had scores of 3 or 4 in all arteries and only 2 patients had lower scores in all the arteries. In contrast, <20% of patients without ESRD had scores of 3 or 4 in all arteries, whereas >40% had lower scores in all arteries.
Intimal calcification was present in fewer than half the arteries but in a quarter of these, the calcification was contiguous with medial calcification and seemed to be an extension of the calcified IEL ( Figure 6A ). This contiguous form of calcification was seen almost exclusively below the knee. Although technically intimal, this contiguous calcification frequently occurred in the absence of atheromatous changes and was not considered to be intimal calcification in the composite analyses. Neointimal calcification that was not contiguous with medial calcification was frequently characterized by small granular calcium deposits ( Figure 6B ) rarely observed in the media, and to a lesser extent, larger deposits ( Figure 6C ). Intimal calcification rarely occurred in the absence of medial calcification (6% of arteries). Although the prevalence of intimal calcification was associated with a greater patient age (68.3+1.7 versus 63.8+1.4), the difference was of marginal significance (P=0.065). Neither prevalence nor severity correlated with sex, vessel location, diabetes mellitus, ESRD, smoking, or warfarin use.
To determine whether arterial histology differs in individuals without advanced PAD, specimens were examined from 10 amputations performed for other indications (neoplastic disease, 6; infected prosthesis, 2; osteomyelitis, 1; and acute embolus, 1). The mean age was 59 years with a range of 19 to 81, 2 had ESRD, and none had diabetes mellitus. As shown in Table III in the online-only Data Supplement, the findings were similar to those in patients with critical limb ischemia, but the severity was less.
Discussion
The major finding in this study was the abundance of nonatheromatous lesions and rarity of atherosclerotic plaques in amputations for critical limb ischemia. In contradistinction to coronary artery disease, in which ischemia arises exclusively from advanced atherosclerotic lesions that are type IV or higher, 8 intimal thickening was usually concentric, and atherosclerosis was present in <25% of arteries from ischemic limbs, of which only half had advanced lesions. Even the majority of completely occluded arteries showed little or no signs of lipid. These findings are not consistent with the widespread characterization of PAD as atherosclerotic, probably based on the assumption that the disease process is similar to the coronary artery disease that frequently coexists in these patients. This also reflects the imprecise and inconsistent use of the term atherosclerosis 9 because calcific atherosclerosis was the formal pathological diagnosis in the vast majority of the specimens reviewed. The prevalence of nonatheromatous lesions did not differ between arteries in patients with different risk factors for PAD (diabetes mellitus, smoking, and ESRD), suggesting that this is a generalized response in peripheral arteries. The amputations in this study were processed as routine surgical specimens, and although the protocol included retrieval of the most diseased regions of arteries, serial sectioning was not performed and occlusive lesions caused by atherosclerosis could have been missed. However, complete lumen occlusion was observed in many arteries, indicating that critical lesions were often identified, and atheromas were absent in the majority of these. Furthermore, atheromatous lesions were not observed in arteries obtained prospectively and sectioned serially.
Intimal thickening without other manifestations of atherosclerosis is commonly observed in arterioles and described as arteriolosclerosis, 9 but it has also been described in larger arteries, where the term adaptive intimal thickening 10 or diffuse intimal thickening 11 has been applied. This lesion has been ascribed to physiological changes related to hemodynamics and can occur at early ages, 10 but it is not thought to have clinical consequences 10, 12 except as an early precursor of atherosclerosis. 10, 11 However, the histology of peripheral arteries seems to refute that notion, with significant stenosis and occasional occlusion or thrombus being observed in the absence of plaque. Because the arteries were not directly examined for lipid, it is possible that small amounts of lipid were not detected, but the comparison of hematoxylin and eosin stains with oil red O stains in prospective cases suggested that this was not the case. The lack of staining for CD68 confirmed the absence of macrophages as well in many of these lesions. Even if small amounts of undetected lipid or macrophages were present, the lesions would be still be characterized as early lesions (type I-III) that, heretofore, have been considered to be clinically silent. The lack of lipid or inflammation cannot be ascribed to lipid-lowering therapy because this did not differ significantly between patients with and without intimal lipid.
The results indicate that intimal thickening can produce significant disease in peripheral arteries in the absence of atheromas. Previous studies of amputation specimens have documented intimal thickening that was described as atherosclerotic, although there was no mention of specific atheromatous changes. 13, 14 The prevalence of intimal thickening noted by Soor et al 14 from 261 arteries from 58 lower-extremity amputations was similar to that observed in this study. Although described as atherosclerosis, specific criteria for this designation were not provided, and neither lipid nor inflammation is apparent in many of the images. Intimal thickening was circumferential in 74% of involved arteries, similar to the current study and not typical for atherosclerotic plaques. It should be noted that Soor et al 14 specifically studied only the most stenotic portions of arteries and yet detected lipid cores in only 39%, again consistent with clinically significant nonatheromatous disease. They also observed less atherosclerosis in distal arteries. The results are consistent with findings in the upper extremities showing that atherosclerosis was present in <6% of 190 radial arteries from patients undergoing myocardial revascularization. 4 Advanced intimal disease relatively devoid of lipid has been mentioned in classification schemes of atherosclerosis, either as type Vc or VIII, 8 and it has been presumed to represent either end-stage lesions from which the lipid has been resorbed or fibrointimal proliferation or organized thrombi from adjacent atheromas. 8 However, it is possible that these lesions instead represent progression of nonatheromatous intimal thickening. The near absence of intermediate lesions in the amputation specimens, including amputations performed for indications other than critical limb ischemia, strongly suggests that these lesions did not arise from an atherosclerotic process.
Calcification was common in peripheral arteries, and the vast majority of this was medial. The IEL was frequently involved, which has been observed in other arteries. [15] [16] [17] As in previous studies, this was considered medial calcification because it usually occurred in the absence of atheromatous changes or calcification in the intima. In some arteries, calcification of the IEL extended into the intima, again in the absence of atheromatous changes, and was not considered to be intimal calcification. Although it could not be quantified, medial calcification was almost always far more extensive then intimal calcification, which, in conjunction with the greater prevalence, indicates that medial calcification accounts for almost all of the calcification in peripheral arteries. The clinical significance of medial calcification in peripheral arteries remains unclear because it did not correlate with the degree of intimal thickening. However, radiographic calcification does predict future amputations, 7,18 suggesting a pathophysiologic role.
Medial calcification but not intimal calcification was more prevalent and more severe in arteries from patients with ESRD. However, because the assessment of intimal calcification was qualitative, an effect of ESRD cannot be ruled out. The increased medial calcification in ESRD is consistent with previous histological studies in peripheral arteries, 14 coronary arteries, 5 radial arteries, 4 and breast arteries. 19 Unlike previous findings in peripheral arteries, medial calcification was not greater in arteries from patients with diabetes mellitus or a history of smoking. Smoking was actually associated with a lower prevalence and severity, which is consistent with findings in breast arteries, where calcification is exclusively medial. 20, 21 The mechanism underlying this protective effect of smoking is unclear. There has been considerable interest in warfarin based on the role of matrix gla protein, a vitamin K-dependent, γ-carboxylated protein, as a physiological inhibitor of vascular calcification. Animals lacking this protein or treated with warfarin develop arterial calcification, 22, 23 and humans lacking matrix gla protein also develop vascular calcification. 24, 25 However, definitive data showing that warfarin promotes arterial calcification in humans are lacking. Warfarin did not seem to affect either medial or intimal calcification in the current study, but the restriction of this study to critical limb ischemia may have prevented us from detecting an effect of warfarin.
The findings suggest that ischemia can develop in PAD in the absence of atherosclerosis and presumably does not arise from plaque rupture, which is consistent with the subacute presentation compared with coronary artery disease. Occlusion, when noted, was usually because of severe, concentric intimal thickening or thrombus. It is possible that the occlusive intimal thickening also included old organized thrombus. The extensive medial calcification could contribute to ischemia by impairing pulsatile propulsion of blood or by preventing outward remodeling of the arteries to accommodate the intimal thickening.
In summary, this histological analysis of lower extremity amputations for chronic PAD indicates that the principal arterial lesions are nonatheromatous intimal thickening and medial calcification. This indicates that PAD is distinctly different from the atherosclerotic process described in other arteries, which may have important pathophysiologic and therapeutic implications. The abundance of medial calcification compared with intimal calcification provides additional, albeit indirect, evidence for a pathogenic role in critical limb ischemia. 
